Several physicochemical properties were measured in commercial tequila brands: conductivity, density, pH, sound velocity, viscosity, and refractive index. Physicochemical data were analyzed by Principal Component Analysis (PCA), cluster analysis, and the one-way analysis of variance to identify the quality and authenticity of tequila brands. According to the Principal Component Analysis, the existence of 3 main components was identified, explaining the 87.76% of the total variability of physicochemical measurements. In general, all tequila brands appeared together in the plane of the first two principal components. In the cluster analysis, four groups showing similar characteristics were identified. In particular, one of the clusters contains some tequila brands that are not identified by the Regulatory Council of Tequila and do not meet the quality requirements established in the Mexican Official Standard 006. These tequila brands are characterized by having higher conductivity and density and lower viscosity and refractive index, determined by one-way analysis of variance. Therefore, these economical measurements, PCA, and cluster analysis can be used to determinate the authenticity of a tequila brand.
Introduction
Comprehensive knowledge of the physicochemical properties of spirituous beverages is required in order to design and operate processing plants properly [1] . In addition, this information might be used in quality control to authenticate a product or as an alternative to improve its production. These physicochemical properties may also be used in the development of new products and preservation methods and as parameters to determine compatibility and suitable uses for prepared drinks [2] [3] [4] [5] . Although it has not been explicitly stated in the literature, it is possible to identify a set of physicochemical properties that could be used as a fingerprint for spirituous beverages. These properties include pH, density, viscosity, conductivity, alcohol content, total solids, and antioxidant capacity [2, [6] [7] [8] . Two of the spirituous beverages that have received a great deal of attention are white and red wines. A large amount of information exists 2 Journal of Chemistry in the literature with regard to their chemical and physicochemical properties, surely driven by historic issues and their widespread consumption worldwide [8] [9] [10] [11] . For these spirituous beverages, it has been identified that the presence of polyphenols, tannins, phthalocyanines (as well as pH values), specific gravity, and alcohol content all contributes to their final character and organoleptic properties [8] . In this vein, wines have pH values ranging from 3.0 to 4.0 and a total soluble solids content varying from 14 to 240 ∘ Brix [9, [12] [13] [14] . Further investigations have demonstrated that pH, in conjunction with other storage or aged conditions, plays a key role in determining the organoleptic properties of spirituous beverages [5, 9] . An example of the modifications of such physicochemical properties is observed in red wines at pH 3-4 in the presence of oxygen at concentrations of 0.2 mg/L. A proton is released during the oxidation of ethanol to ethanal, modifying ethyl bridges between flavonoids and anthocyanins [12] . Cynthiana wine, produced in the US states of Illinois, Arkansas, Texas, West Virginia, Oklahoma, Kansas, Indiana, and New Jersey, illustrates the important role of pH in the quality of spirituous beverages. This particular spirituous beverage has a pH ranging from 3.5 to 4.1, which is adjusted with an ion exchange system in order to stabilize and keep the color [13] . By putting aside both scarce knowledge and limited consumption of certain native, traditional spirits from countries not recognized as global spirituous beverage producers, it is possible to identify spirituous beverages whose physicochemical properties are of great interest. Within this group we can identify spirits from Ethiopia, Africa, Serbia, and Mexico [6, [14] [15] [16] . Distinctive, native, and spirituous beverages coming from different regions within the same country usually present rather different physicochemical properties, due to differences in raw materials, preparation methods, fermentation procedures, and microorganisms employed. In addition, differences can also be attributed to other variables inherent to the brewing process, such as temperature, aeration, and alcohol content [15] . This is valid, for example, in the case of three traditional spirituous beverages produced in Ethiopia: Tella, Tej, and Areki [15] . An investigation of 10 different production regions showed an average pH of 4.6, a specific gravity of 1.0050 g/mL, and an average alcohol content of 5.17% V/V [15] . There are also reports in the literature related to physicochemical properties of native spirituous beverages from Africa, including Burukutu, Kunnuzaki, Whistle, Palm wine, Adoyo, Ogogoro, Nunu, Fura da Nunu, Zobo, and Omi wara. The pH values of these beverages range from 4.2 to 6.3 with an average of 5.2 and a specific gravity ranging from 0.9897 to 1.318 with an average of 1.1015 [6] . On the other hand, alcohol content for almost all of these spirituous beverages is rather low except for Ogogoro (distilled Palm wine, 37.6% v/v), Burukutu (sorghum beer, 4.6% v/v), and Palm wine (3.1% v/v). In other spirits, it is less than 0.3% [6] . Physicochemical properties of peach wines (Prunus persica) have also been reported in terms of several parameters, such as pH, alcohol content, and total phenolic and antioxidant activity, and have been compared to the properties of white wines [14] .
In Mexico, there are several native, traditional, spirituous beverages, such as raicilla, sotol, pulque, and bacanora, which do not have appellation names. Only few information is known about their chemical and physicochemical properties. This information is needed to tag their identity and draft regulations [17] [18] [19] [20] . Unlike previously mentioned beverages, tequila is a Mexican spirituous beverage, well known around the world and recognized with an appellation name [21] . Tequila is made of agave Tequilana Weber (blue variety), which is extensively grown in specific regions of Mexico for a period of 5 to 7 years. A large and abundant description concerning fabrication methods for Tequila is readily available elsewhere in the literature [17, 22] .
Tequila is commonly classified as one of two main types: 100% agave and mixed. Enforced regulations by the Regulatory Council of Tequila (CRT) [21] establish that only sugars coming from agave can be used for the 100% agave preparation, whereas for the mixed agave beverage it is allowed to use up to 51% of agave sugar with the remainder coming from other sources, such as sugar cane [17, 23] . Another classification takes into account aged time in a wooden barrel before the product is named; in this case, tequila is classified as silver, gold, aged, and extra aged [17] . Silver tequila is bottled directly after a second distillation and a dilution process until it has reached its required alcoholic grade of [38] [39] [40] ∘ GL according to regulations. Gold tequila is silver tequila with added caramel, which gives its distinctive brown color, making it look like aged tequila. Tequilas with an aged process are further classified into three different types: aged tequila, which is aged in oak wooden barrels for at least two months and up to one year; extra aged tequila, which is aged in 600-liter oak wooden barrels for at least one year; and ultra aged tequila, which is aged for more than three years [24] . For a tequila brand to be marketed and recognized as this drink, it is mandatory to be registered in the CRT and to meet all the quality requirements established in the Mexican Official Standard 006 [24] . There are other agave distillates, commonly known as "guachicol" that are marketed as tequila but are not officially recognized by the CTR.
Multivariate analysis has been widely used for the characterization of various food products such as cachaça, grape, and tequila. It is a statistical tool whose goal is to correlate the analytical results between samples (objects) through chemical analysis (chemometrics). Among the used methods, Principal Component Analysis (PCA) transforms a set of original correlated variables into a new set of uncorrelated variables, called principal components [25] .
As was mentioned above, physicochemical properties of tequila are required for the design and construction of tequila production facilities and serve as a reliable information source to compare legal and adulterated products. Although there are several reports in the literature dealing with different topics concerning tequila production [26, 27] , raw materials [11, 28] , equipment [29, 30] , tequila constituents [31] , metal content [18, 32, 33] , and maturation [34] , sufficient information still lacks concerning physicochemical properties, not only for tequila, but also for other Mexican spirituous beverages [34] [35] [36] . To fulfill these requirements, an investigation was performed to evaluate physicochemical properties of tequila, which are not established in the Mexican Official Standard 006, in different brands of tequila registered and not registered in the CRT. This evaluation was performed by applying PCA method and cluster, allowing elucidating similar characteristics with the parameters analyzed, correlating and joining them with respect to different brands. This study allows proposing different economic alternatives that can authenticate the tequila, could be employed by small tequila industry, and finally contribute with more knowledge of this traditional alcoholic beverage from Mexico.
Materials and Methods
A total of 53 commercial tequila brands were chosen from different categories: silver, gold, aged and extra aged. Some tequila were purchased at 3 liquor stores in Guadalajara, Mexico, which are registered in CRT, and other beverages sold as tequila were purchased in other places; these are known as guachicol; they are not registered in CRT and were labeled with the numbers 2, 11, and 17. The analyzed samples include 11 silver tequilas, 5 gold tequilas, 29 aged tequilas, and 8 extra aged tequilas.
pH Measurements
pH measurements were carried out using a conventional pH glass electrode with analytical sensors and a pH meter Orion model SA 72. Before using it, a calibration routine was performed with pH 4, 7, and 10 buffers. Subsequently, the sensor was immersed in the tequila and the pH was measured in triplicate. The pH electrode was rinsed with abundant distilled water before and after each pH measurement. All experiments were performed at room temperature.
Conductivity Measurements
Conductivity measurements were carried out with an Orion 4 Stars conductometer. The procedure consisted in calibrating the instrument with 1413 S and 12.9 mS/cm standards, and, subsequently, the sensor was immersed in tequila and the conductivity was measured in triplicate. The electrode was rinsed with abundant water before and after each immersion. All experiments were performed at room temperature.
Density and Sound Velocity Measurements
Density and ultrasound velocity measurements were carried out with an Anton Paar DSA5000 densimeter and sound velocity analyzer equipped with a new-generation stainlesssteel cell. Temperature control was maintained with a Peltier element with a resolution of 0.001 ∘ C, giving rise to uncertainties in density of ca. 1 × 10 −6 g/cm 3 . Errors in ultrasound velocity measurements arise mainly from temperature variations, and in this study the resolution was 10 −2 m/s. The densimeter was cleaned following the routine, consisting of injecting Alconox at a concentration of 40% for several times. Later, ultrapure water was injected in order to calibrate at 20 ∘ C until density reached a value of 0.998203 g cm −3 .
Once this measurement was achieved, density and viscosity of tequila samples were measured. The determination of the density and sound velocity in the tequilas was carried out at 25 ∘ C in triplicate. Both density and sound velocity measurements were performed at the same time.
Refractive Index Measurements
Measurements of the refractive index in the tequila were carried out with a refractometer of the company Abbe, model 2WA. The analysis consisted in initially cleaning the prism with ethylic alcohol, followed by calibration with a drop of pure ethylic alcohol. The visual field of the equipment was adjusted to illuminate half of the field while the other half remained dark. Once the equipment was working properly, a measurement of 1.36 was obtained. Later, a drop of tequila was put on the sample holder in order to obtain its refractive index. All measurements were performed in triplicate at 25 ∘ C.
Viscosity
Viscosity measurements of different tequilas were performed with an ARES rheometer TA-22 G2 using a Couette geometry double-wall type. The inner and outer diameters of the hollow cylinder are 29.51 and 32 mm, respectively, while the inner and outer diameters of the cup are 27.94 and 34 mm, respectively. All measurements were performed at 25 ∘ C. An amount of 8 mL of tequila was placed in the sample holder and maintained at a shear velocity of 10 s −1 .
Data Statistical Treatment
The 53 commercial tequila brands were sampled in a sequential series starting from 1 to 53. The analysis of the results was performed using the commercial software Statgraphics Centurion XVI [42] . Principal Component Analysis (PCA) and cluster analysis were applied to evaluate the relation among the physicochemical properties. PCA was used to investigate the most representative physicochemical properties of tequila, which can be determined from those measurements that contribute the most to the variance. A table known as the variance contribution of principal components is obtained as a result, containing the same amount of main components than physicochemical properties analyzed. The Eigenvalues and the variance explained through each principal component are found in this table. One of the main objectives of the PCA is to reduce the dimensionality of the problem, which means explaining the overall physicochemical properties with few principal components. For this, it is necessary to select all major components whose Eigenvalue is greater than one. Under this criterion, only 3 main components are considered in this study, from which it is possible to explain the 87.76% of the total variance of the physicochemical measurements of tequila. Moreover, cluster analysis is also performed. The goal of cluster analysis is to group the 53 brands of tequila based on their physicochemical properties. In order to determine the presence of significant differences ( ≤ 0.05) and to identify the difference between the groups, the one-way analysis of variance (ANOVA) was performed from the cluster analysis, taking the physicochemical properties as the dependent variable.
Results and Discussion
Measurements of pH, conductivity, density, sound velocity, and viscosity of 53 tequila registered and not registered in the CRT are summarized in Table 1 with their respective categories. The first column corresponds to the tequila number considered, for its statistical analysis by means of the commercial software Statgraphics and the second one corresponds to the category (i.e., silver, gold, aged, and extra aged). Further columns summarize the average of physicochemical values obtained from at least three replicates, except for viscosity measurements that correspond to an average of at least 10 measurements.
The pH of silver tequilas (4.3 ± 0.4) was slightly higher than that of aged tequilas (4.1 ± 0.3) and extra aged tequilas (4.1 ± 0.3). In general terms, tequila pH varied from 3.5 to 4.9 for all tequila types, except for two brands whose pH was 3.44, lower than the average pH. Conversely, numbers 17 and 33 displayed a higher-than-average pH of approximately 5.3. An acidic pH is related to the presence of organic acids in the tequila [31] . In addition, pH can also be dependent on oxidation reactions of some tequila constituents in contact with metals [27] . When comparing the pH of tequila with other Mexican spirituous beverages, it is observed that tequila (distilled spirit) presents a lower pH than Agave sap type 1 (6.6-7.5) [39] , presumably because some of the volatile components that predominate in the former are carboxylic acids that evidently contribute to the acidity of the beverage. Other components added along the production process might be responsible for the acidity [28, 38] , particularly the addition and use of Saccharomyces cerevisiae during the fermentation process [38] . Mouro, a Greek spirit distilled from fermented fruits of the mulberry tree, has a pH equal to 4.46, similar to tequila's pH [43] . On the other hand, these results show that aged tequilas have a pH lower than silver tequilas, likely due to water loss in tequila during the aged stage, which induces an increase in the concentration of organic acids [44] . The pH can also have side effects in some alcoholic beverages affecting other organic compounds and color for wines [9, 13] .
Another relevant property of tequila that deals with its ion content is conductivity, varying from 10 to 60 S/cm for almost every brand and tequila type investigated. Only three brands appeared outside of this conductivity range, more specifically brands numbers 2, 11, and 17, whose conductivities varied between 100 and 230 S/cm. Conductivity variations can be traced back to differences between ionic species, mobility, and concentration in solution, as well as the chemical equilibrium, that is, dictated by speciation as a function of pH [45, 46] . Some tequilas with higher conductivity also had pH values which were too far away from the average value. Once again, brands numbers 2 and 11 displayed a pH of 3.4 and 3.6 and conductivities of 162.87 and 103.47 S/cm, respectively, whereas brand number 17 had a pH of 5.3 and a conductivity of 222.03 S/cm. Such behavior is at least congruent in terms of the concentration of H + and OH − in the media. With regard to the type of tequila, it was found that the conductivity of silver tequilas (23.30±12.98 S/cm) was lower than the conductivity of aged tequilas (31.97 ± 11.07 S/cm) and extra aged tequilas (32.44 ± 7.12 S/cm). Likely, these differences can be attributed to the loss of water during the aged stage and thus an increase in salt concentration. Another plausible explanation is that other types of ions from the wood of the barrels may diffuse into the beverage during the aged process [28] .
Most of tequila's densities varied closely to each other in the range of 0.94 to 0.96 g cm −3 . Tequilas numbers 2, 4, 11, and 17 had a higher density than the average value, just as it happened with respect to pH and conductivity. These deviations suggest that they fall outside of regulations. Their differences can be attributed to different factors such as the presence of caramels, colorants, salts, or other unknown additives [44] . The average density of silver tequilas (0.94860 ± 0.00290 g cm −3 ) was slightly lower than that of aged tequilas (0.95122 ± 0.00392 g cm −3 ) without significant difference. On the other hand, tequila's density for every tequila type was lower than that of pure distilled water at room temperature (around 0.99 g cm −3 ) and higher than ethanol density (0.79 g cm −3 ), similar to values reported by Flood and Puagsa, 2000 [47] . This intermediate value is in reasonable agreement with the colligative properties of alcohol-water mixtures, considering that ethanol is one of the largest constituents of tequila [31, 48] .
Sound velocity in tequila was also measured since it can be used as a parameter to determine authenticity. This physicochemical property varies according to the medium and organic molecule content [1] . The sound velocity ranged from 1580 to 1620 m/s for most of the tequilas. It was found that tequila number 2 had a sound velocity smaller than the average, while tequila number 17 displayed the highest sound velocity. This could be due to the presence of large molecules that come from additives, such as caramel or colorants.
Viscosity is a highly relevant parameter; it determines the acceptability, processing, and handling of foods [3] . The average viscosity of silver tequilas (2.48 ± 0.076 mPa⋅s) was similar to aged tequilas (2.44 ± 0.076 mPa⋅s). Since viscosity is closely related to the concentration of sugars and ethanol content, it is also relevant for spirituous beverages. A high viscosity in tequila is usually an indication that a higher sugar concentration (i.e., caramel) and alcohol content are present. In addition, viscosity depends on molecules with large molecular weights, molecular structure, and hydrogen bridges between OH − and water [49] . In this case, the viscosity for most of the tequilas ranged from 2.3 to 2.6 mPa⋅s. Tequilas numbers 2, 11, and 14 had the lowest viscosity of the whole group (2.3 mPa⋅s), while tequila number 17 had the highest viscosity of 2.6 mPa⋅s. As above mentioned, these differences are likely due to its higher sugar content and colorants or other additives usually added to make tequila appear aged. Looking at viscosity measurements in terms of different tequila categories, there is no significant difference. Thus, values remain almost constant across tequila categories. In comparison, the viscosity of the distilled water is about [47] . Generally, liquids with low molecular weight tend to behave as Newtonian fluids, whereas polymers with high molecular weight are usually non-Newtonian. According to the obtained results, tequila usually behaves as Newtonian-like fluid [3] . Refractive index is usually employed to determine sugar and alcohol content. In the case of tequila, this parameter varied from 1.3500 to 1.3525. The refractive index of silver tequila (1.35279 ± 0.00085) was similar to the refractive index for aged tequilas (1.35209 ± 0.00153) ( > 0.05). On the other hand, the refractive indexes for pure alcohol and distilled water were 1.3599 and 1.333, respectively. In the literature, values of 1.3600 and 1.3330 have been reported for these compounds at a temperature of 25 ∘ C [47, 50] . Tequilas numbers 2, 11, and 13 had refractive indexes below the average value, very likely due to their greater water content than normal tequilas. Also, tequila number 17 had a refractive index higher than the average, suggesting a higher alcoholic or sugar content from some additives such as caramel.
For PCA, Tables 2 and 3 were obtained. Table 2 corresponds to the variance contribution of the principal components, in which the existence of 3 main components is identified, explaining the 87.76% of the total variability of physicochemical measurements that is found in the tequila. Component 1 explains the 36.17%, component 2 explains the 33.49%, and component 3 explains the 18.09%. Table 3 shows the weights of the main components, allowing identifying the variables (physicochemical properties) that contribute the most to each component. For this, the weights with higher value in each component must be selected. In this way, the principal component 1, which corresponds to the most relevant physicochemical properties, states that there are some brands of tequila that present an opposite relation between the conductivity, the density, and the RI and the viscosity, which means that some brands of tequila present high values of RI and viscosity (or the contrary). The main component 2 shows that the second most relevant physicochemical properties are the density, the pH, the conductivity, the sound velocity, and the RI. The main component 3 states that there are some brands of tequila that present an opposite relation between viscosity, conductivity, and sound velocity; that is, some brands of tequila present high values for sound velocity or the contrary. Figure 1 shows the distribution of White wine 0.9881-1.0103 [40] physicochemical properties of tequila brands in the plane of the first two PCs. As can be seen PC1 is positively correlated to conductivity and density and negatively correlated to RI and viscosity. In this graph, three points are separated from the majority of the points, corresponding to the tequila brands numbers 2, 11, and 17, which are not recognized by CRT. Figure 2 shows the dendrogram analysis, performed in order to identify the groups of tequila that have similar physicochemical properties. From this analysis it was mainly found the presence of four clusters, which are identified as I, II, III, and IV. Cluster I includes the 1, 12, 16, 24, 25, 5, 20, 32, 9, 26, 34, 31, 7, 35, 41, 42, 10, 44, 14 , 51, 52, 53, 49, and 50 tequila brands. In this cluster the category of tequila is silver, gold, aged, and extra aged. Cluster II includes the 30, 38, 36, 37, 40, 33, and 39 tequila brands. The category of tequila of this cluster is the same compared to cluster I. Cluster III includes the 3, 46, 45, 15, 29, 22, 23, 4, 13, 6, 27, 19, 47, 18, 48, 8, 21, 28 , and 43 tequila brands. The category of tequila of this cluster only does not contain the silver tequila. Cluster IV includes the 2, 11, and 17 tequila brands, in which the category of tequila is aged, silver, and gold, which are characterized by having the higher conductivity and density and by having the lower viscosity and RI. It is worth mentioning that the last cluster represents the agave distilled beverages sold as tequila, commonly known as guachicol. It is interesting to note that the same brands appear isolated in Figure 1 . These beverages are not registered in the CRT and they do not follow the International Standard 006. Moreover, their results generally differed from the average values obtained in most physicochemical measurements, allowing proposing that the combination between these measurements and the statistical analysis could be used to know the authenticity and quality of tequila.
From the cluster analysis, the ANOVA was conducted in every group (I, II, III, and IV) for all physicochemical properties. It was found that the clusters obtained were statistically significant with respect to the physicochemical properties taken as the variable ( value < 0.05). Figure 3 corresponds to the mean graph obtained by the method of Fisher's LSD. It shows that group II contains the highest pH. Group III contains the highest sound velocity, which could be due to the presence of large molecules coming from additives, such as caramel or colorants. Recalling that in group IV there are the 2, 11, and 17 tequila brands. It is notable that group IV contains a higher conductivity and density and lower viscosity and RI, such as mentioned in the cluster analysis (Figure 2 ). These variations can be attributed to the loss of water, an increase in salt concentration, and the presence of caramels, colorants, salts, or other unknown additives [44] .
Finally, a comparison of the properties of some traditional beverages with those of tequila is summarized in Tables 4(a)-4(c). This includes the physicochemical properties of 29 different spirituous beverages, such as country liquor of India [37] , Sotol [20] , Millet, maize guinea corn [38] , agave sap type 1, agave sap type 2, Pulque type 1, Pulque type 2 [39] , local beverages of Nigeria [6] , coconut toddy [7] , wine of different colors [10, 40] , Ethiopian traditional beverages [15] , Cabernet Sauvignon wine [5] , nonalcoholic beverages from Nigeria [41] , and peach and Cynthiana wines [13, 14] . The physicochemical properties measured for all cases are pH, refractive index, total solids, alcohol content, specific gravity, viscosity, total soluble solids, total sugar, reductive sugar, ascorbic acid, titratable acidity, density, and conductivity. Two Mexican traditional beverages, Sotol and Pulque types 1 and 2, have similar pH (4.4, 3.7-4.2 and 3.5-4.0, resp.) to the tequila pH obtained in this study. This is probably due to the fact that all these spirits share similar raw materials from the agave family and production procedures [39] . The pH of tequila is similar to that of Palm wine and Tella and Cynthiana wines with pH of 4.3 and 4 and 4.11, respectively; these beverages are from Nigeria, Ethiopia, and Cynthiana. In the case of the refractive index of tequila, the average value is close to the two types of Pulque (1.339-1.3406 and 1.3365-1.3380). The viscosity, density, and conductivity were measured in the alcoholic beverage from Nigeria, in the white wine and in the Cynthiana wine. These values were found to be different from the corresponding values in tequila. Some other physicochemical properties for spirituous beverages that appear in Tables 4(a)-4(c) were not investigated in this work for tequila.
Conclusions
PCA and cluster analysis were used to evaluate physicochemical properties in tequila brands, which are not established in the Mexican Official Standard 006. By using the PCA, it was found that there are some brands of tequila that present an opposite relation between the conductivity, the density, and the RI and the viscosity, with a total variance of 36.17%. With regard to the cluster analysis, it was revealed that those tequila brands (2, 11, and 17), which are not registered in the CRT (namely "guachicol") and do not meet the quality requirements established in the Mexican Official Standard 006, have similar physicochemical characteristics. According to these findings, the physicochemical properties measured in this investigation and the cluster analysis can be used to determinate the authenticity and the quality of a tequila brand.
